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The desription is given for the spekle interferometer of the BTA 6-m telesope of the SAO
RAS based on a new detetor with an eletron multipliation CCD. The main omponents
of the instrument are mirosope objetives, interferene lters and atmospheri dispersion
orretion prisms. The PhotonMAX-512B CCD amera using a bak-illuminated CCD97
allows up to 20 spekle images (with 512×512 pix resolution) per seond storage on the
hard drive. Due to high quantum eieny (93% in the maximum at 550 nm), and high
transmission of its optial elements, the new amera an be used for diration-limited
(0.02
′′
) image reonstrution of 15m stars under good seeing onditions. The main advantages
of the new system over the previous generation BTA spekle interferometer are examined.
1. INTRODUCTION
Improvement of the angular resolution of
ground-based optial telesopes remains one of
the most important astronomial problems. The
advantages of the largest astronomial instru-
ments annot be implemented without an intro-
dution of the newest methods of orretion of
phase degradations, arising during the light prop-
agation through the turbulent atmosphere. This
problem obtains a speial meaning in onnetion
with the development of the new generation of
giant telesopes.
The adaptive optis and spekle interferom-
etry allow approahing the diration limit of
the telesope's angular resolution. Image reon-
strution in spekle interferometry is ahieved by
the integration of a series of short-exposure im-
ages of the objet (exposure time is 540 ms)
with the subsequent alulation of the ensemble-
averaged power spetrum of the objet [1℄, and
its phase dened from the bispetrum [2℄. In
ontrast to the adaptive optis, whih is eetive
today mainly in the infrared, spekle interferom-
etry an be used for observations in visible and
near UV bands. In addition, spekle interferom-
etry is realizable under poor atmospheri on-
ditions, while the adaptive optis always needs
the best seeing. Another important fat is the
value of spekle interferometri equipment, whih
is signiantly lower than the expenses for the
development of adaptive optis for a large tele-
2sope.
The spekle interferometry tehnique has
been signiantly upgraded throughout its 35
years long history. First detetors based on im-
age intensiers and lm ameras [3℄ were replaed
by the television photon ounting systems [4℄. In
the 1990s, television tubes were driven out by
fast CCDs [5, 6℄, however, dierent types of im-
age intensiers were still used as brightness am-
pliers. Lately, these systems were replaed by
new EMCCDs with eletron harge multiplia-
tion. They have ertain advantages for applia-
tion in the optial spekle interferometry: pho-
ton ounting sensitivity allied with the maximum
quantum eieny, fast image readout, and high
geometri and photometri stability.
In the present paper we give the desription of
the EMCCD-based spekle interferometer (SI),
whih is in ative use in the observations on-
duted at the BTA 6-m telesope of the Spe-
ial Astrophysial Observatory of the Russian
Aademy of Sienes (the SAO RAS) sine 2007.
The main harateristis of the optial ompo-
nents of the instrument are given in Chapter 2.
Then, Chapter 3 desribes the EMCCD dete-
tor. The ontrol system is briey presented in
Chapter 4. In onlusion, apabilities of the new
instrument, estimated from the observations of
binary stars, are laid out in Chapter 5. The al-
gorithms and software for image reonstrution
from the series of short-exposure spekle inter-
ferograms will be desribed in a separate paper.
2. MAIN OPTICAL COMPONENTS
The main optial elements of the SI optial-
mehanial unit are (Fig. 1): the eletro-
mehanial shutter with the 6 mm aperture to
blok the light beam from the telesope (1), mi-
rosope objetives for the image magniation
(3), the set of prisms for atmospheri dispersion
ompensation (4), a the set of interferene l-
ters for the narrow spetral band seletion (5).
The f :4 beam from the telesope's primary mir-
ror forms an image in the foal plane (2), and
then it is reorded by the EMCCD detetor af-
ter the passage through all optial elements (6).
Let us onsider the main omponents of the SI
in details.
2.1. Mirosope Objetives
The SI mirosope objetives are designed for
mathing the image sale in the prime fous of
the BTA with the detetor's pixel size. The size
of a single spekle in a spekle interferogram, or-
responding to the diameter of the rst dark ring
in the Airy disk at the wavelength λ, is equal to
d = 1.22λ/D, where D is the aperture diameter.
In the BTA foal plane, for λ0=550 nm d=2 µm.
The detetor pixel size is 16 µm, therefore, fol-
lowing the Kotelnikov's theorem (fdiscr ≥ 2fmax,
where fmax is the maximum frequeny in the sig-
nal spetra), an image magniation of approxi-
mately 20 times must be applied to reonstrut
the spekle prole.
3Figure 1. Components of the mehanial optis unit of the BTA spekle interferometer: 1shutter,
3hangeable mirosope objetives, 4atmospheri hromatism ompensation prisms, 5a set of
interferene lters , 6EMCCD. Foal plane of the telesope is enumerated 2. Blak arrows point in
diretion of the omponents movement.
Figure 2. Spetral harateristis of interferene lters. The transmission in maximum and half widths (in
brakets) are marked over eah urve.
We use two high-quality Carl Zeiss objetives
with the orreted eld urvature to math the
sales: a 2.5-fold ahromat with the numerial
aperture 0.08 and a 16-fold plan-ahromat with
the numerial aperture 0.35. They both have
a bak working distane of 160 mm and form
a magnied, inversed and free from aberrations
image of the star at the CCD. With the BTA
main mirror urvature radius of R=48051±15
mm (oor measurement by L.I. Snezhko using
the Hartmann method), the mirosope obje-
tives provide sales of 3.44
′′
/mm and 0.54
′′
/mm
4on the detetor. For the 512×512 pixel dete-
tor with the size of the sensitive area 8.19×8.19
mm, the orresponding sales are 0.0550
′′
/pix
and 0.0087
′′
/pix, giving the elds of view of 28.2
′′
and 4.4
′′
. The 16-fold objetive is the main work-
ing objetive of the SI, while the small magni-
ation is used only for pointing on the objet and
tying-in the position angles of the system.
For some purposes that require obtaining a
detailed prole of the Airy disk, one might need
to use higher optial magniations. One of the
examples is the image reonstrution of visible
disks of ool supergiant stars. For suh ases,
we antiipated an installation of a 32-fold miro-
sope objetive with a orresponding redution
of the eld of view.
Small onvergene of the beam after the 16-
fold objetive (1:64) permits tting other optial
elements (prisms, lters) on the axis between the
objetive and the detetor, without resorting to
additional transfer optis.
2.2. Interferene Filters
To keep the oherene during the interfero-
metri piture reording, the width of the lter
transmission band ∆λ is seleted following the
relation
∆λ
λ
<
r0
D
, (1)
where λ is the enter wavelength of the lter
transmission band, r0 is the atmospheri oher-
ene radius (Fried parameter) [7℄, or
∆λ
λ
<
2pi
σr
, (2)
where σr is the mean-square aberration of the
inoming wavefront phase given in radians.
Under the seeing of approximately 1
′′
, (r0≈20
m), the lter limitations for the BTA applia-
tions are hosen by the ratio ∆λ/λ ≈1/30. For
poor atmospheri onditions the lter passband
must be redued. However, in most of the ases
the lter transmission band an be doubled with-
out signiant dissipation of the high-resolution
data. This simpliation leads to a larger de-
teted ux. In the near infrared, the lters with
a band width of 100 nm an be used. Narrower
lters an be installed in the beam to ut out the
seleted bands in the spetrum of an objet. One
of the examples of suh tasks is the Mira stars im-
age reonstrution in the TiO absorption bands
and in the nearby ontinuum.
Five interferene lters, manufatured by An-
dover (USA), are arranged on the turret assem-
bly, and are being brought in the beam by the
rotating mehanism. All the lters have the di-
ameter of 25 mm (the light diameter is 21.2 mm)
and thikness of 6 mm. The parameters of the l-
ters are given in Fig. 2. The thikness of the lter
dieletri layers is onstant (0.25%) throughout
the surfae in order to ensure the design perfor-
mane. During the detetor alibration proe-
dures or the system testing in the white light,
no lter is needed in the optial path. For these
purposes the lter wheel has one additional hole.
5Figure 3. Dependane of the atmospheri
dispersion from the zenith distane for three
wavelengths.
2.3. Atmospheri Dispersion Corretion
The atmospheri dispersion has an eet on
the resolution in spekle interferometry even
while applying narrow interferene bands. The
dispersion value an be estimated from the em-
pirial formula proposed by Lambert as far bak
as in 1759:
dz
dλ
= −
tan z
na
dna
dλ
, (3)
where na is the refration index of the atmo-
sphere, z is the zenith distane of the objet.
The Owens empirial expression [8℄ is most
frequently used to desribe the wavelength de-
pendene of the refration index
(na − 1)10
8 =
[
2371.34 +
683939.7
(130 − λ−2)
+
4547.3
(38.9 − λ−2)
]
Ds +
[
6487.31 + 58.058λ−2 (4)
−0.71150λ−4 + 0.08851λ−6
]
Dw,
where Ds and Dw are the fators aounting for
the density of the dry air and water vapors, re-
spetively. The value of na(λ) an be estimated
with an auray of 10
−7
10
−8
from formula (4).
Fig. 3 shows the dependene of zenith distane
from the refration index in three wavelengths
for the BTA site (pressure 720 mbar, tempera-
ture 0
◦
C, relative humidity 30%) as follows from
expressions (3) and (4).
For example, an image of a point soure at
z=30◦ and λ=500 nm will be shifted by 0.05′′
from its true position. The vertial extension
of spekles in the region λ=500 nm through the
∆λ=20 nm lter will be around 0.02′′, whih is
omparable with the size of the diration spot.
The simplest way to ompensate the atmo-
spheri hromatism is the use of a diret-vision
prism with the dispersion vetor opposite to the
atmospheri dispersion. The angular dispersion
of the prism must hange with the zenith angle.
One should keep in mind that in the SI we use the
16-fold magniation, therefore the prism orre-
tor, whih is installed behind the mirosope ob-
jetive, must provide a proportionally higher dis-
persion.
Beam deviation α in the prism with the index
6of refration n and the apex angle β is equal to
α = (n(λ)− 1)β. (5)
For a prism onsisting of a pair of wedges with
the angles β1 and β2 and the indies of refration
n1 and n2, the refrating angle is
(n1(λ)− 1)β1 − (n2(λ)− 1)β2. (6)
The wedge angles ratio is obtained by spei-
fying the zero deviation at λ0=550 nm:
β2
β1
=
n1(λ0)− 1
n2(λ0)− 1
. (7)
To ompensate the atmospheri dispersion at
the maximum zenith angle z=60◦ in the 20 nm
band at λ0 =550 nm, the following equation
should be valid:
dz
dλ
= β1
(
dn1
dλ
)
λ0
− β2
(
dn2
dλ
)
λ0
, (8)
leading to the apex angle of the rst wedge:
β1 =
∆z
∆n1 −∆n2
n1(λ0)−1
n2(λ0)−1
, (9)
where ∆ means the variation range of z and n in
the wavelength range from λ0−10 nm to λ0+10
nm. To orret the atmospheri hromatism at
smaller z, the ompensating prism should pro-
vide lower dispersion.
In our observations until September 2007, a
diret-vision Amii prism from a pair of wedges
Figure 4. Dispersion urves of the prism (solid
line) and the atmosphere (dashed line).
has been used for dispersion ompensation. The
dispersion value has been hanged by transla-
tion of the prism along the axis: the lowest value
was obtained in the immediate proximity of the
detetor; the highest dispersion was reahed at
the remote position. The advantage of suh on-
strution onsists in its low light losses in the
glass and on the surfaes. The disadvantage of
the assembly is its remaining dispersion in the
irumzenithal zone. This dispersion annot be
eliminated as the prism annot be installed loser
than some minimum distane from the image a-
quisition plane.
The dispersion urve for the prism ompared
to the atmospheri dispersion is shown in Fig. 4.
It an be seen that by the seletion of the wedge
angles and refrative indies, it is possible to
math the dispersion variation of the prism and
atmosphere in the range of 550700 nm.
7The new ompensator was built on the base of
a diret-vision Risley prism onsisting of a pair of
idential prisms rotating around the instrument
axis in opposite diretions (see Fig. 1). The om-
pensator gives a dispersion of 2γ sin(θ/2), where
γ is the dispersion of a single prism, θ is the ro-
tation angle of the prisms. Eah prism in the as-
sembly is a glued pair of wedges (rown + int)
with arefully seleted indies of refration, pro-
viding a dispersion of 330
′′
/20 nm at the diret-
vision wavelength of 550 nm. Shorter and longer
wavelengths deviate symmetrially in opposite
diretions from the 550 nm beam. The net de-
viation of the beam is the vetor sum of the two
separate deviation vetors. If the prisms are ro-
tated by 90
◦
, they ombine to at as a parallel
plate with no net angular deviation. To simplify
the onstrution, the rotation mehanism of the
prisms is made dependent, providing the rotation
of the prisms by equal angles about the optial
axis. The rotation angle of the prisms is dened
by the omputer when the objet is hosen and
its zenith distane is alulated. The alibration
of the θ(z) relationship is made using the obser-
vations of bright stars at dierent z during the
nights of good seeing.
Due to dierent distanes of the prisms from
the detetor plane (the front prism is at larger
distane and produes larger dispersion), the net
deviation of the assembly is shifted from the ver-
tial. The value of this shift is zenith angle
dependent. The remaining residual dispersion
an be easily ompensated via rotating the prism
mounting by a small angle (about 10
◦
) in the op-
posite to the dierential dispersion diretion.
The Risley ompensator, onsisting of a pair
of rotatable wedged elements, provides the or-
retion of the atmospheri hromatism of spekle
interferograms in the range of zenith distanes
from 0
◦
to 60
◦
. The prisms were manufatured
by B.Halle Nahfolger GmbH, Germany, from the
SF L6 rown glass and heavy int glass LaSF
N30. The apex angles of the wedges made of
rown glass and heavy int glass are β1=41.6
◦
and β2=41.9
◦
, respetively. The prisms have a 5-
layer antireetion oating for the range of 450
1100 nm.
3. DETECTOR
3.1. General Charateristis
The PhotonMAX-512B amera developed by
Prineton Instruments, USA, on the base of ele-
tron multipliation CCD97 (EMCCD) is used
as the detetor in the SI. The bak-illuminated
CCD has 16×16 µm pixels in a 512×512 frame
transfer format with the total photosensitive area
of 8.19×8.19 mm. The quantum eieny of the
CCD is QE=93% at 550 nm. The quantum e-
ieny urve at dierent wavelengths is shown in
Fig. 5.
The EMCCD has two independent readout
registers on the output. The rst one is used
for standard, high dynami range appliation as
in traditional CCDs, the seond one is devoted
8Figure 5. Rated urve of the CCD97 quantum eieny. Dashed line marks the wavelength orresponding
to the maximum quantum eieny of 93%.
for high-speed, low light level multipliation gain
mode. In the normal readout appliation (no
multipliation), the readout mean-square noise is
45 e− and 60 e− at operating readout frequenies
5 and 10 MHz, respetively. Under maximum
multipliation of the harge generated in the pix-
els, the readout noise falls below 1 e−. The Pho-
tonMAX an oer a multipliation gain fator
between ×1 and ×1000. The typial relationship
between the 12-bit setting of the DAC (digital-
to-analog onverter), whih denes the voltage
applied to multipliation register loks, and the
harge multipliation fator is lose to exponen-
tial (see Fig. 6). The maximum multipliation is
ahieved under the voltage of about 43V on the
extended multipliation register. Further regis-
ter voltage gain an destroy the CCD. Most of
the time we use the PhotonMAX-512B amera
in the high-multipliation mode, and the normal
mode (no gain) with low multipliation is used
only during the spekle observations of bright
stars.
To redue the dark urrent, the EMCCD is
ooled by a 4-stage thermoeletri Peltier ooler.
It is stabilized to within ±0.05 ◦C by a feedbak
ontrol system. The lowest ahievable temper-
ature of the CCD is 70
◦
C providing the dark
urrent below 0.01 e−/s per pixel.
The CCD is mounted on the old nger in the
vauum module. The photosensitive area of the
CCD is proteted by a single optial entrane
window, whih provides low light losses. The
heat produed by the Peltier devie is removed
from the amera by an inbuilt fan. The fan is de-
signed for low vibration and does not adversely
aet the image.
The amera an be used in the frame trans-
fer mode in the wide range of exposures between
10 µs to 10 min. Maximum readout rate of the
amera in the full-frame mode is 29 frames per
seond (fps). As the PhotonMAX amera uses a
frame-transfer CCD, it does not inorporate any
9Figure 6. CCD97 harge multipliation fator
dependene on the ode setting at the input of
digital-to-analog onverter.
eletro-mehanial shutters that set the exposure
time. The exposure time is set eletronially by
the software. The external shutter 1 (see Fig. 1)
is used solely to blok the inoming light in the
SI.
3.2. Time Stability
Basi properties of the PhotonMAX amera
were studied at the laboratory and on the tele-
sope. The study inluded measurements of the
wavelength dependene of the quantum eieny
of the SI, an analysis of the system's stability, its
frame rate in dierent aquisition modes, the sig-
nal homogeneity over the eld, and the at eld
response of the system.
Spekle interferometry operates with series of
a few thousand short-exposure images of an ob-
jet. The total integration time of the series
is less than a few minutes as the optial trans-
fer funtion of the atmosphere is not stable for
longer periods. To hek the time stability of
the detetor, we have aumulated a few sets
of 1000 uniform (at) light elds obtained at 10
MHz operating frequeny with an exposure time
of 10 ms. In Fig. 7 presents the variations of the
summed signal from the CCD. It an be seen that
the CCD signal intensity varies exponentially by
almost 10% during the aquisition of 1000 frames
(54 s). This irumstane must be taken into a-
ount for photometri measurements. To stabi-
lize the multipliation level of the CCD before
the main exposure, the CCD has to be read for
more than 5 min.
3.3. Readout Speed
Regardless of the exposure time, the highest
readout speed of the 512×512 pix full format im-
age is 29 fps. Binning (ombining pixels into
one super pixel) and sub-region seletion allow
inreasing the sensitivity and frame rate of the
PhotonMAX-512B. The amera allows the bin-
ning of 2×2, 4×4 and 6×6 along either dire-
tion of the CCD. The maximum frame rate vs.
binning for dierent readout regions is shown in
Fig. 8. The maximum rate of 350 fps is obtained
for 6×6 binning and reading only the 1/64 area
of the CCD. However, all types of binning are
rarely used in spekle interferometry as it redues
spatial resolution.
10
Figure 7. CCD at eld time stability.
Figure 8. Frame rate dependene of the CCD reading area without binning, and with 2×2, 4×4 and 6×6
binning. The dimensions of the reading zone area are protrated on the X-axis.
3.4. Flat Field Signal and the Dark-Charge
Pattern
Even under uniform inoming illumination
(at eld) of the CCD, the obtained image is not
perfetly at. Inhomogeneity of the response is
explained by dierent reasons:
- lak of uniformity of the hip;
- ontamination and granularity of the am-
era's entrane window;
- imperfetions of the CCD readout ele-
tronis, whih beome apparent mostly on
the edge zones of the frame.
Flat eld problems do not play suh an impor-
tant role in spekle image redution as ompared
to the lassial long-exposure astronomial imag-
ing due to the fat that interferometry exploits
ensemble-averaged power spetra. Nevertheless,
11
the standard redution proedure in spekle in-
terferometry also implies a at-eld redution of
eah spekle interferogram.
We have studied the SI at eld by integra-
tion of the twilight sky. One of the examples
obtained by averaging of 2000 short exposures is
presented in Fig. 9. The eld inhomogeneity (sig-
nal dispersion) for this image is 0.5%. Summing a
larger number of images allows determining the
PhotonMAX-512B at led with the noise dis-
persion under 0.05%.
The CCD oset signal measurements with no
light oming into the amera (bias) were per-
formed with the losed shutter using 10 µs ex-
posures. An average of 500 frames obtained
with the highest CCD multipliation is shown
in Fig. 10. The general view of the base plate
is shown on the left, and its 3-dimensional pre-
sentation is on the right. Pixel values of the
harge are given in the orners of the bit map.
It an be seen that rst lines in the frame have
signiantly higher harges due to the harge in-
leakage from the hip edges. Maximum dier-
ene in the ounts is 0.6% from the full range
of the analog-to-digital onverter sale (65536).
The bias pattern is fully subtratable if the dark-
harge pattern is aquired under onditions iden-
tial to those used to ollet the atual spekle
images.
3.5. Single Photon Sensitivity
During the spekle observations of faint stars
with the maximum gain, the PhotonMAX-512B
aquires images in the photon ounting mode.
Fig. 11 shows the 20 ms exposure image of
LkHA 198 (mV=14.3
m
) obtained at the 6-m
telesope in the 600/40 nm lter under 1′′ see-
ing. The ross-setion illustrates intensity max-
ima orresponding to single photon events. The
CCD noise dispersion for this image is 3040
ounts. Individual photons are deteted by the
PhotonMAX-512B with a signal-to-noise ratio
of 10 to 50.
4. CONTROL SYSTEM
The SI ontrol system diagram is given in
Fig. 12. Control of optial elements is performed
by the stepper motor drive ontroller TMCM-
310 from Trinami Motion Control GmbH & Co.,
Germany. It an drive up to three bipolar step-
per motors through the TMC246 drivers with a
peak oil urrent of up to 1.5A. A built-in miro-
proessor (µP) and a nonvolatile 16 KB memory
(EEPROM) with the aid of the parameter set-
ting module TMC428 allow exible adjustment
of the drive for seleted translation mehanisms.
The ontroller is plugged in the COM-port of
the ontrol omputer through the standard se-
ries RS-232 interfae via the 8-hannel ber opti
LWL onverters.
The mirosope objetives are translated by
12
Figure 9. Image of a small area of the twilight sky integrated in sets of 2000 frames (a at eld). A ross
setion along one of the lines in the bottom part of the frame is shown on the right.
Figure 10. View of the CCD bakground and its 3-D presentation.
the preision linear motorized translation stage
ERLIC 85 produed by OWIS GmbH, Germany.
The setting auray is 2 µm for the 50 mm
travel.
The lter wheel is xed on the rotation stage
mehanism DMT-65. A lter an be installed in
the beam with the positional auray of 0.01
◦
.
The atmospheri dispersion ompensation prisms
are rotated by stepper motors through a dier-
ential mehanism. Speial guidane provides a
pratially slip-stik free movement as well as
high load apaity for all translation stages.
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Figure 11. Left: a spekle image of the star LkHA 198, aquired by the PhotonMAX-512B in the maximal
CCD signal multipliation mode. Top right: a magnied segment with the maximal ux level. Bottom right:
an arbitrary ross-setion, demonstrating the amplitudes of independent photon events.
The amera and other units of the SI are on-
trolled by one omputer based on Intel Pentium
4 3.2GHz proessor. We use the Shuttle XPC
SB81P Barebone system with low eletromag-
neti radiation. The PhotonMAX-512B amera
ontrol is onduted by the ST-133 ontroller
through a PCI-bus via the ber opti AS-0230
reeiver-transmitters. RAM is inreased to 2
GB to enable rapid aumulation of up to 1940
spekle images, whih are then reorded on the
omputer hard drives in the binary les of SPE
type with a 4100 byte header. The le header
ontains all the important amera settings that
were used during the aumulation of the spekle
images. The aumulation of the data an be
performed on the high-apaity external hard
drives via a USB-interfae.
During the observations we often need to
monitor the aumulation of power spetrum of
the objet in the real time mode. The infor-
mation on dupliity (multipliity) of the objet
at the initial stage allows assessing the appro-
priateness of further aquisition. To solve this
problem we are urrently implementing reon-
gurable multiproessor omputing systems into
the proess of observations and data redution.
Unlike systems based on rigid arhiteture, re-
ongurable systems allow on-the-y hanges of
the alulation parameters. As a result, users
may t the system's arhiteture to the struture
of a given task.
To alulate the power spetrum in real time
14
Figure 12. Blok diagram of the SI ontrol system.
Figure 13. SI quantum eieny orreted for light losses on the optial elements: 1CCD97, 2CCD97
+ PhotonMAX-512B entrane window, 3CCD97 + PhotonMAX-512B entrane window + dispersion
ompensation prism, 4CCD97 + PhotonMAX-512B entrane window + dispersion ompensation prism +
lters, 5total eieny orreted for losses on the mirosope objetives.
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Figure 14. Individual spekle images of DF Tau binary star. Left: an image, aquired with the CCD +
image intensier system. Right: image obtained with the EMCCD.
Figure 15. DF Tau power spetra. Left: the spetrum aumulated on 2000 spekle interferograms with
the CCD + image intensier system. Right: the same aumulation with the EMCCD. The arrow points at
the diretion of zenith.
mode, a unit based on a reongurable aeler-
ator of personal omputers (RAPC-25) with 25
gigaops proessing power [9℄ was designed in the
Researh Institute of Multiproessor Computing
Systems, Taganrog, Russia. This unit imple-
ments parallel algorithms to orret the optial
images for atmospheri distortion, allows real-
time redution of spekle interferograms, and
on-the-y alulations of the power spetrum of
the observed objet's image. The unit is repro-
grammable, an option that an be used, e.g., for
objet phase reonstrution.
5. EFFICIENCY OF THE SYSTEM
Quantum eieny of the SI was mea-
sured in 9 wavelengths using the MDR-
41 grating monohromator, and the OL
730D programmable DSP-radiometer,
16
whih is sensitive in the range of
2001000 nm. Fig. 13 shows the system's
eieny urves vs. wavelength, adjusted for
losses at the optial omponents: the upper
urve (1) gives the QE of the CCD97 hip, the
lowest urve (5) presents the total QE of the SI.
Note that the CCD itself has a 20% eieny at
λ=950 nm.
We ompared the PhotonMAX-512B amera
performane with the previous detetor, whih
has been used for spekle observations until 2007.
This amera was built on the base of a 3-stage
eletrostati-fousing image intensier AEG1510
(Siemens, Germany) optially oupled to the fast
CCD amera SensiCam 370LL, manufatured by
the PCO Computer Optis, Germany.
Individual spekle interferograms of the bi-
nary star DF Tau (mV=12
m
) obtained with
the 6-m telesope in Otober 2001 (intensier
SensiCam) and November 2007 (PhotonMAX-
512B) are shown in Fig. 14. Both observa-
tions were performed under 1
′′
1.5
′′
seeing in the
λ/∆λ=800/100 nm lter. In 2001, a sale of
0.004
′′
/pix was provided by the 32× mirosope
objetive, while in 2007 a sale of 0.0087
′′
/pix
was provided by the 16× image magniation.
The dierene between the two images is evident.
Photon noise is dominating at the intensier
SensiCam spekle image. To reonstrut an im-
age of the binary from suh data, it is neessary
to proess up to 10
4
individual spekle interfero-
grams. On the other side, the spekle struture
is learly seen on the PhotonMAX-512B image;
in this ase a diration-limited reonstrution of
the DF Tau image an be obtained from several
tens of frames.
In spekle interferometry, the power spetrum
of the star's image is reovered from a series of
short-exposure spekle interferograms using the
Labeyrie's method [1℄. For binary and multi-
ple star spekle interferometry at the BTA tele-
sope we use the proedures desribed in [6, 10℄.
Fig. 15 represents power spetra for DF Tau av-
eraged from 2000 spekle images, reorded by
the intensier-SensiCam (left) and PhotonMAX-
512B (right) ameras. The diration uto fre-
queny of the aperture in the used lter is marked
by irles. The period of fringes in the power
spetrum orresponds to the angular separation
between the omponents of the binary (about
0.1
′′
). Orientation of the fringes determines the
relative position angle of the binary omponents;
the magnitude dierene between the two stars
an be found from the fringe ontrast.
The drop of intensity with inreasing spatial
frequeny on the left image is aused by an ad-
ditional photon noise spetrum, resulting in a
frequeny-dependent bias in the fringe ontrast.
Correting this bias poses a separate intriate
problem, being an obstale for dierential pho-
tometry of the omponents of faint soures. In
the power spetra aumulated on the EMCCD
data, the inuene of photon noise leads to a
ommon hange in the level of bakground, whih
is easy to dene. High ontrast fringes are india-
tive of the power spetrum of DF Tau, obtained
17
in 2007 with the new system. These fringes an
be traed up to the uto frequeny, determined
by the diration at the telesope aperture.
6. CONCLUSIONS
In onlusion, we shall list the main advan-
tages of our new system based on the EMCCD,
as ompared to the previous generation BTA
spekle interferometer based on an image inten-
sier optially oupled to a CCD amera:
- redution of the total objet exposure time
thanks to the 4-fold performane advan-
tage of the EMCCD;
- improvement of limiting magnitude up to
15
m
owing to the 10-fold quantum e-
ieny advantage of EMCCD over the im-
age intensier photoathode;
- amelioration of image reonstrution au-
ray thanks to the absene of photon bias,
whih is the main problem of image inten-
siers appliation;
- inrease of the maximal ahievable magni-
tude dierene in binary star observations
up to 5
m
owing to the high dynami range,
and high signal-to-noise ratio in the reon-
struted image;
- geometrial stability of the EMCCD-based
detetor and lak of distortions inherent to
image intensiers;
- broadening of the spekle interferome-
ter's working eld up to 4
′′
owing to the
smaller optial magniation provided by
the small EMCCD pixel size (16 µm).
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